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,e concrete face of a rockfill dam is a long and thin slab structure, which is highly susceptible to fracture when subjected to the
settlement of the dam. ,e study of the generation and propagation of cracks in the concrete face of rockfill dams is of great
significance to dam construction and face crack prevention. In this study, the initiation and propagation of cracks in the concrete
face of a rockfill dam are investigated using an extended finite element method (XFEM) and ABAQUS software for the Gongboxia
concrete-face rockfill dam. A numerical model for this dam is established using a finite element method, and the face stress and
deformation distributions are obtained. Based on the results, a numerical model is built to find the location where cracks are
initiated in the face. ,e displacement of the entire model is treated as the equivalent displacement for the numerical model.
XFEM is utilized throughout the modeling process to obtain the stress concentration, crack initiation, and crack propagation in
the concrete face, and an analysis of crack initiation and propagation is conducted. Finally, the effects of the thickness of concrete
covers and reinforcement layers on the stress intensity of crack tips are also discussed using the established numerical model, and
techniques for controlling the fracturing of the concrete face have been proposed in this paper.

1. Introduction

Monitored data from projects show that several concrete-
face rockfill dams display varying degrees of cracks during
construction and operation, most of which are transverse
cracks in the middle or lower parts of the face [1]. Shrinkage
stress, temperature stress, and structural stress caused by
dam deformation are the main reasons for face cracks [2–4],
among which structural stress is the most common. A de-
flection of the face, which is a part of the antiseepage body of
a concrete-face rockfill dam, due to a large deformation can
lead to face cracking. ,is leads to severe leakage when the
cracks penetrate and connect with one another. Fine par-
ticulates flow along with water during seepage, posing a great
risk to the stability and safety of the dam. ,us, the study of
crack propagation in the concrete face of rockfill dams is
crucial for the prevention of face cracking.

In general, cracks on the concrete face of rockfill dams
can be classified into two major groups: (i) microcracks with

a random distribution, which impact the compression and
tensile strengths of concrete, and (ii) macrocracks, which
result in anisotropy of the mechanical properties of concrete.
,e process of cracking involves the generation of micro-
cracks, followed by their expansion and perforation leading
to the formation of macro cracks and subsequent failure.
Many researchers studied the process of propagation of
cracks and the methods for simulating concrete-face
cracking. Jin and Arson [5] used conventional finite element
methods to simulate the process of concrete-face cracking
based on the crack model and obtained stress distributions
during the cracking process. However, for the simulation of
discontinuities in crack propagation, separating the crack
model requires continuous changes in finite element meshes
to model the developing interface discontinuities. Agha-
janzadeh and Mirzabozorg [6–8] applied the smeared crack
model to simulate the cracking and distribution of cracks in
the concrete face of a rockfill dam, but the smeared crack
model does not avoid stress locking caused by the lack of a
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discontinuous displacement model in the approximate
displacement field. Jirásek [9] introduced an enhanced as-
sumed strain mode to locate discontinuous interfaces,
thereby avoiding the problems arising from utilizing preset
discontinuous interfaces during the separation of the crack
model and simulating a relatively accurate distribution of
cracks on the concrete face. However, the embedded crack
model is based on an element level and has the deficiency of
not describing the appropriate discontinuous field between
elements in a harmonious manner.

,e extended finite element method (XFEM) has been
widely applied for the simulation of cracks in the concrete
face of rockfill dams to overcome the deficiencies of crack
propagation modeling using finite element methods. XFEM
[10] uses a discontinuous function as the basis of a shape
function to describe the discontinuous displacement field in
the computational domain. Belytschko et al. used a near-
field displacement solution for crack tips to describe crack
propagation and achieved relatively good results for crack
propagation in concrete. Dolbow et al. [11] introduced
discontinuous functions and near-tip crack functions to
study crack propagation in the concrete face of rockfill dams
and obtained the distribution of the crack tip intensity factor
and the elements that affect its change. Singh and Bhardwaj
[12] combined XFEM and geometric analysis to predict the
fatigue life and crack growth of concrete faces, studied the
stress intensity factor of interfacial cracks, and partially
explained the mechanism for the initiation of cracks on
concrete faces. Fang and Jin [13] proposed a virtual node
method for coupling XFEM with the commercial software
ABAQUS and successfully simulated continuous-discon-
tinuous processes in the propagation of face cracks. ,e
previous studies are restricted to the detection of one single
flaw or crack in the dam as a simple geometry. ,e level set
front propagation method [14], which is implemented in the
extended finite element method (XFEM) [15], allows the
accurate localization of the flaws. Chao et al. [16] investi-
gated the effects of various dynamical test loads on the crack
identification, and fracture is modeled by the XFEM. Zheng
et al. [17] used a cohesive crack model (CCM-based XFEM)
to simulate and monitor the cracking process in concrete
arch dams. Alalade et al. [18, 19] proposed an effective and
efficient method, which employs the inverse analysis of a
dynamic coupled hydromechanical problem. ,e numerical
model is based on the extended finite element model. ,e
proposed method is able to identify cracks which may be
detrimental to structural performance and reliability. De-
spite the merit of XFEM being able to model and identify
crack propagation in concrete, not much has been done so
far with regard to the simulation of this damage/cracks for
concrete facing rockfill dam storage period using XFEM.,e
understanding of crack propagation and evolution law of
face slab of rockfill dam is still limited.

In this study, the factors and principles governing crack
propagation in the concrete faces of rockfill dams are an-
alyzed using XFEM and ABAQUS. ,e Gongboxia rockfill
dam in Qinghai Province, China, is analyzed in this study,
for which an overall computational model yields the de-
formation of the concrete face, which is then treated as an

equivalent displacement load acting on the cracks on the
concrete face of the numerical model. Based on the cracks on
the concrete face in the numerical model, the propagation
and evolution of cracks are studied, including stress con-
centration, crack initiation, and crack propagation. ,e
effects of concrete cover thickness and reinforcement layers
on the stress intensity of crack tips are also discussed with
the established numerical model.

2. Methods and Principles

2.1. Displacement Model. XFEM not only inherits the ad-
vantages of conventional finite element methods in mod-
eling crack propagation but also includes enhancements for
addressing fracture problems. ,is method does not require
the meshing and mesh size to be related to the surrounding
stress field, and remeshing is not necessary for the simu-
lation of crack propagation. XFEM is based on conventional
finite element methods and includes enhanced functions for
cracks and crack tips to describe the discontinuity of cracks
[20, 21]. Figure 1 shows the propagation of an arbitrary crack
within the elements of an XFEM model (elements through
which the crack propagates have their nodes annotated by
hollow squares, and the elements where the crack tips are
located are indicated by hollow circles). Since different
functions are introduced in the model [22], the functions for
describing an approximation of the displacement fields of
standard, penetration, and crack tips are also different, and
the displacement in XFEM can be written as

u(x) � 
i∈I

Ni(x)ui + 
i∈I∗

N
∗
i (x)ψi(x)ai, (1)

where ui are standard nodal degrees of freedom, Ni(x) are
standard shape functions, I is the number of nodal points for
all finite elements, which are represented by the hollow
squares and hollow circles in Figure 1, N∗i (x) are shape
functions of enhanced parts, ψi(x) refers to enhanced shape
functions, ai are enhanced degrees of freedom (DOF), and I∗

is the number of nodal points for discontinuous elements.
For the crack penetration unit, the displacement field is

given by

u(x) � 
i∈NΓ ∩ I

Ni(x) ui + aiH(x)(  (2)

where NΓ is the number of nodes in the crack penetration
unit, which are shown as hollow squares in Figure 1, and
H(x) is the Heaviside function given by

H(x) �
1 x≥ 0

−1 x< 0
 . (3)

2.2. 2e Description of Cracks in the Level Set Method.
Since XFEM allows a discontinuous surface to cross an
element, the element mesh is independent of the fracture
surface [22]. It is necessary to provide a geometrical de-
scription of the discontinuous surface. In XFEM, the level set
method is commonly adopted to describe the interface,
wherein interfaces are associated with spatial and time
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domains that are used to describe the discontinuity which
develops over time. Another dimension is added to the level
set method, which is a one-dimensional interface Γ(t) ∈ R in
R2 [19] expressed as

Γ(t) � x ∈ R
2
: φ(x, t) � 0 , (4)

where φ(x, t) is a level set function.
,e level set function is frequently defined by the signed

distance function as follows:

φ(x, t) � ± min
xΓ∈Γ(t)

x − xΓ
����

����. (5)

,e right side of the equation is positive when x lies
above the crack and negative elsewhere.

,e crack propagation can be described by a function φ:

φt + F‖∇φ‖ � 0. (6)

When φ(x, 0) is known, F(x, t) represents the propa-
gation velocity along the unit normal vector of the moving
interface, which depicts the propagation and development of
the crack.

2.3. Governing Equation. Figure 2 shows the equilibrium of
cracks under external loads and boundary conditions, where
Ω is the region containing the fracture, crack Γc can
propagate in any direction, the force ft acts on the boundary
Γt, and a displacement u is generated at the boundary Γu.

,e strong form of the equilibrium equation is

∇σ + f
b

� 0. (7)

,e boundary conditions are as follows:

Displacement boundary Γu: u � u

Force boundary Γt: σ · n � ft

Inner boundary Γc: σ · n � 0

u is the displacement vector, u are the known dis-
placements, σ is stress tensor, n is the normal vector per-
pendicular to the boundary, ft is the force of external load

on crack body, and the stress is perpendicular to the normal
direction in inner boundary, and then the dot product is
zero. fb is the force of crack body.

2.4. Stress and Displacement Fields of the Crack Tip. An open
crack is considered to have the most damaging crack
propagation pattern and is usually used to simplify a
compound crack for simulation. ,e deformation of the
elastic area of a crack tip is an important factor that controls
crack propagation, while the mesh density in the model
heavily influences the integral point value of the crack tip.
When the mesh size is gradually decreased, stress ap-
proaches infinity; hence, conventional strength theory,
where the strength criterion is built based on stress, is not
applicable. In XFEM, a stress intensity factor (K) is intro-
duced to describe the stress field of a crack tip. ,is factor
depicts the singularity and propagation of the crack tip. ,e
theoretical value of K for an open crack in a face with an
initial crack under a uniform tensile stress σ is given by

K � ασ
���
aπ

√
, (8)

whereK is the stress field intensity factor for the crack, with a
unit of MPa · m1/2; σ is the tensile stress of the face in all
directions; α is a constant related to the face thickness and
initial depth of the crack; a is the initial crack depth.

A cracked concrete face, subjected to a unidirectional
tensile force with L� 5.7m, B� 2m, and T� 0.5m, is chosen
for numerical analysis to verify whether the values of K for
the crack tip under various tensile stresses σ obtained from
XFEM satisfy the theoretical equation describing the rela-
tionship between σ andK (Figure 3(a)). A crack with a length
of 0.1m is first assumed to exist at the center of the face. For
concrete with elastic modulus E� 28000MPa and Poisson’s
ratio μ� 0.2, a numerical calculation model for concrete
cracking is established as shown in Figure 3(b). When
a/T< 0.6, the coefficient α in the theoretical equation for the
stress intensity factor [23] becomes

α � 1.12 − 0.231
a

T
  + 10.55

a

T
 

2
− 21.72

a

T
 

3

+ 30.39
a

T
 

4
.

(9)

Figure 4 shows the values of K versus stress and length-
thickness ratios (i.e., the ratios of crack length to plate
thickness) for different tensile stresses. It can be seen that K
increases with crack length under the same tensile stress, and
the trends of both numerical and theoretical values are
similar. For the same length-thickness ratio, K of the crack
tip increases proportionally with tensile stress and is in
accordance with the theoretical value of K for an open crack
tip. ,e above results prove the feasibility of the ABAQUS
and XFEMmethod in obtaining the stress intensity factor of
a crack tip. Figure 5 displays different values of K of a crack
tip under a tensile stress of 3.0MPa using XFEM, a closed
contour integral, and the theoretical equation. ,e results
show that, compared to the closed contour integral method,
the XFEM is closer to the theoretical method, and the

Crack tip
element

Penetration
unit

Crack tip
element

Conventional
unit

Figure 1: XFEM crack propagation model.
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difference is less than 10% for various initial crack lengths,
thereby illustrating the advantage of XFEM in calculating the
value of K for a crack tip.

3. Numerical Analysis of Cracks in the Concrete
Face of the Gongboxia Rockfill Dam

3.1. Face Deformation Analysis

3.1.1. Numerical Model of Face Deformation. ,e stress and
deformation of the concrete face should be obtained before
investigating the initiation and propagation of cracks in the
concrete face of a rockfill dam. Simulating concrete face
cracking using the overall model of a concrete-face rockfill
dam warrants the consideration of the contact of the face
with the cushion, wave wall, toe board, and the hydrostatic
water pressure. ,is usually leads to a large volume of
calculation that is very unlikely to converge. To overcome
these problems, this study obtains the face displacement
after impoundment based on the overall dam model and
then considers the face displacement as an external load
applied to the cracking of the concrete face model.

,e Gongboxia concrete-face rockfill dam (CFRD) has a
crest elevation of 2010.00m, a width of 10m, a maximum
height of 132.2m, an upstream dam slope of 1 :1.4, and a
downstream dam slope of 1 :1.55. A cushion and transition
layer with a thickness of 0.3m is placed between the concrete
face and rockfill, and the concrete face has a thickness of
0.3m on the top and 0.68m on the bottom. ,e rockfill
consists of a main rockfill area and a downstream rockfill
area. ,e cross-sectional view of the dam is shown in
Figure 6.

,e numerical calculation model is built with ABAQUS
and shown in Figure 7. ,e center of the dam bottom is
chosen as the origin of the coordinate frame, the positive X-
axis is from upstream to downstream, the positive Z-axis is
from the bottom to the top of the dam, and the positive Y-
axis is from the right to the left side of the dam. ,e
foundation extends 150m along the upstream, downstream,
and thickness directions, and its width is 10m. ,ere are a
total of 5222 eight-node hexahedral elements and 7764
nodes in the model. ,e thickness is divided into ten layers
to accurately depict the changes in face displacement.

,e loading process of the dam, pouring of face, and
impoundment is carried out per the actual construction and
impoundment. ,e bottom of the model is fixed, the left and
right banks are treated to be simply supported in the X
direction, the upstream and downstream are also simply
supported in the Y direction, and the other boundaries are
free.

,e Duncan-Chang [24] model is used to model the
stress-strain relationship of the material of the Gongboxia
concrete-face rockfill dam, with parameters acquired from
laboratory tests as presented in Table 1; the Goodman unit
[25] without thickness is used to represent the contact effect
between the face and cushion, with parameters as listed in
Table 2; and a linear elastic model is used for the concrete
face, toe board, wave wall, and bedrock [26]. ,e main
parameters for concrete are elastic modulus E� 28GPα,
Poisson’s ratio μ� 0.2, and density ρ � 2450 kg/m3. ,e
bedrock has an elastic modulus E� 10GPα, Poisson’s ratio
μ� 0.25, and density ρ � 2450 kg/m3.

3.1.2. Face Deformation Results. ,e distribution of the
maximum displacement of the Gongboxia concrete-face
rockfill dam during the impoundment period is shown in
Figure 8. ,e dam undergoes a smaller displacement on the
upstream side after impoundment with a maximum value of
0.0022m that occurs at approximately 1/3 height of the dam
from the bottom, compared with a maximum displacement
of 0.4384m on the downstream side that occurs at ap-
proximately 1/2 height of the dam from the bottom. ,e
maximum displacement of the dam during impoundment is
0.8664m at approximately 1/2 height of the dam from the
bottom near the downstream side. ,e maximum dis-
placement accounts for 0.655% of the total dam height and
the distribution of the maximum displacement is in ac-
cordance with the general displacement distribution of the
face rockfill dam.

,e calculated and monitored face deformations after
impoundment are shown in Figure 9. ,e face moves to-
wards the downstream direction due to the water pressure
and settlement of the rockfill. ,e calculated deflections at
elevations of 1950m and 1980m are 8.80 cm and 10.95 cm,
respectively, whereas the respective monitored values are
10.08 cm and 11.70 cm, indicating that the respective cal-
culated values are 85.45% and 92.15% of the monitored
values. ,e numerical analysis results show that the face
deformation pattern is convex in the upper-middle part and
concave in the lower part, which is in good agreement with
monitored data. Rheology and humidification have not been
considered in the analysis, resulting in small face defor-
mations. Since the output of the inclinometer is greatly
affected by temperature, using a fitting integral to treat the
monitored data leads to a large cumulative error. For these
reasons, the results for the deformation of the concrete face
using the numerical model match the results from the
monitored data. From the calculations, downstream of the

f t

Ω

Γc
u = u

Γ

Γu

Γt

Figure 2: ,e equilibrium state of a fractured body.

4 Mathematical Problems in Engineering



location where the maximum deflection of the face occurs
has a large tensile stress, which implies that it is the critical
location for the initiation of cracking. ,e downstream side
of the face, which is subjected to large bending moments, is
more susceptible to cracking due to large deflections.

3.2. Structural Crack Propagation in the Concrete Face and Its
Evolution

3.2.1. Crack Numerical Model. ,e location where the
maximum deformation of the Gongboxia concrete face
occurs is selected for the analysis of cracking (Figure 9), and
a new numerical model for simulating the cracking of the
concrete face is shown in Figure 10. ,e contact point of the
face bottom and cushion is chosen as the origin, the positive

X-axis is along the diagonal from the face to the dam crest,
the positive Z-axis is from the bottom to the top of the dam,
and the positive Y-axis is along the direction of the thickness
towards the water. To consider the structural crack at the
location where the maximum deformation caused by dis-
placement occurs, the diagonal length of the model is se-
lected as 5.7m, and the thickness of the model is the actual
thickness of the face (0.5m). ,e axial width of the face is
2.0m. ,e model consists of 45600 eight-node hexahedral
elements and 51865 nodes. ,e concrete face is made of C25
concrete with tensile and compression strengths of 1.3MPa
and 12.5MPa, respectively. A linear elastic model is used to
model the concrete face, and the elastic modulus, Poisson’s
ratio, and density are 28GPa, 0.2, and 2450 kg/m3,
respectively.

Crack

Bottom: fixed constraints

Top: unidirectional

constant tension

B

L

T

X
Y

Z

(a)

X

Y

Z

(b)

Figure 3: Numerical model for concrete cracking. (a) Stress diagram. (b) ,e finite element calculation model.
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Based on the calculated face displacement, an equivalent
displacement is considered to act on the model. ,e upper
and lower displacement boundaries are fixed in the Z di-
rection, the displacements near the dam crest and bottom
are 0.459m and 0.464m, respectively, and all the other
boundaries are free.,e displacement in the Z direction after
impoundment is represented by two equations:
Z� 0.464 + 0.003X (0<X< 2.85m) and Z� 0.484 – 0.004X
(2.85m<X< 5.70m). ,e displacement is then imposed on
the concrete face as an external displacement to simulate the
stress state of the concrete face after impoundment. Based on
XFEM, the crack displacement is set as the face cracking
pattern, and the maximum stress loss is set as 1.3MPa,
considering the tensile strength of concrete.

3.2.2. Crack Propagation Analysis. ,e maximum principal
stress nephograms and crack distribution curves during the
cracking of the concrete face for four typical loading phases
are shown in Figure 11. Stress concentration occurs at 1/3
height of the concrete face model upstream, as the dis-
placement increases. Since the face on the upstream side
bears a compressive stress, it does not demonstrate an
obvious compression deformation because of the high
compression strength of the concrete face. However, the
concrete face on the downstream side bears a tensile stress σ
due to the displacement load.When the tensile stress is lower
than the concrete tensile strength (i.e., σt <ftk), the face does
not show cracks.When the tensile stress reaches the concrete
tensile strength (i.e., σt ≈ ftk), the face shows the first
horizontal crack on the outer surface.With an increase in the
displacement load (i.e., σt >ftk), the crack tip stress con-
centrates and extends along the direction of the face
thickness. At the location of the downstream side of the face
where tensile stress concentration occurs, uniform hori-
zontal cracks with the same spacing gradually emerge. With
a continuous increase in the displacement load, the number

Table 1: Materials and parameters for the Gongboxia CFRD using the Duncan-Chang model (E-B).

Material ρ (kg/m3) C (Pa) φ0 (°) K n Rf Kb m Kur nur
Cushion 2180 0 49.2 1050 0.44 0.65 610 0.41 2100 0.44
Transition layer 2150 0 51.4 1180 0.56 0.79 630 0.30 2360 0.56
Main rockfill 2160 0 50.4 850 0.51 0.72 560 0.27 1700 0.51
Secondary rockfill 2130 0 61.0 550 0.45 0.65 245 0.13 1100 0.45

Table 2: Parameters for the Goodman model.

Interface K1 K2 n Rf δ (°) cw

(kg/m3) Pa (Pa)

Face and
cushion 4800 4800 0.56 0.74 36.6 9800 100000

1940.00

2A
3A

2010.10 2004.70

1985.50

1909.20

1877.80

1909.00
1906.00
1900.00

3B11:2.0
1:1.65

1:1
.4 1:1

.3

1:1.5

1:0.6

1:1.4
1:1.4

1:1.3 1:1.3

1:
0.8

3B2

3B3 3C

The road

The dry stone pitching

3B2

Rockfill

Figure 6: ,e standard profile chart of Gongboxia CFRD.
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Figure 7: ,e finite element model of the Gongboxia CFRD.
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of cracks stops increasing but the cracks gradually increase
in depth and width. ,e data shows that the depths of the
cracks perpendicular to Gongboxia concrete face are in the
range of 11 to 25 cm and tend to increase and propagate with
time. ,e cracks are wide on the surface but narrow at the
bottom, and no through cracks are found. Figure 12 displays
the monitored depths and distributions of cracks at the
location with the maximum displacement of the Gongboxia
concrete face. ,e numerical simulation results are in good
agreement with the monitored data, implying that the nu-
merical model in this study can well simulate the distri-
bution and propagation of cracks in the concrete face.

Concrete face slab plays an important role in dam
seepage control; when cracks occur in the concrete face slab,
the rigidity, shear strength, tensile strength, and bending
strength of the concrete face slab will decrease, which will
lead to stress redistribution and further destruction. At the
same time, the water entering concrete panel leads to the
corrosion of steel bar, and the increase of corrosion sub-
stances volume results in a great tensile force in the concrete
around the reinforcement, which leads to the formation of
longitudinal fracture. As the cracks propagate until the panel
is penetrated, once the reservoir water passes through the

concrete face slab and leak into the rockfill, the rockfill will
be taken away by water and cause panel void, thus threat-
ening the overall safety of the dam. In view of this, we can
reduce the differential settlement of the dam by optimizing
the design of the dam structure size, slowing down cracking
due to panel void, and optimizing mix proportion of con-
crete from the aspect of the concrete foundation materials,
increase the resistance to cracking, and reduce the crack
propagation speed.

3.3. Factors Affecting Structural Crack Propagation in a
Concrete Face. ,is study further investigates the factors
affecting structural crack propagation in a concrete face.
Based on the numerical simulation results of the crack model,
the deepest crack is chosen as the preset crack of the concrete
face. An analysis of the effects of the reinforcement layout and
concrete cover thickness on the crack propagation and stress
intensity factor of the crack tip has been conducted. Two-way
distribution reinforcements of one, two, and three layers are
successively selected for investigating the effects of rein-
forcements on crack tip stress intensity; the effect of thickness
of a concrete cover with a two-layered distribution of

U, U3
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Figure 8: ,e displacement in the vertical direction during the impoundment period for Gongboxia CFRD (unit: m).
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Figure 9: Comparison of the equivalent displacements of the faceplates of the Gongboxia CFRD before and after water storage (unit: m).

Mathematical Problems in Engineering 7



reinforcements on the crack tip stress intensity is also studied.
A separated finite element model is utilized to analyze
reinforced concrete. ,e concrete and reinforcement are
modeled using C3D8R and T3D2 elements, respectively. ,e
reinforcement and concrete are assumed to have rigid con-
nections, which means that there is no relative movement
between them. ,e reinforcement layout and numerical
calculation model for cracking of the reinforced concrete face
are shown in Figure 13. ,e size, load, and properties of
concrete for the model are the same as those in Section 3.2.

,e elastic modulus, yield strength, and diameter of the re-
inforcement are 210GPa, 0.21GPa, and 8mm, respectively.
,e size of themesh should not be too large for crack tip stress
analysis and is selected as 0.1mm× 0.1mm.

Figures 14–17 show the distributions of the maximum
principal stresses when no reinforcement and different
layers of two-way reinforcement are applied. ,e results of
the numerical calculations indicate that as the displacement
increases, the unbalanced stress in the cracked element
converts into unbalanced nodal stress acting on the
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Figure 11: Equivalent stress cloud diagrams of concrete panel cracking. (a) UA � −0.0217m. (b) UA� −0.0395m. (c) UA � −0.0573m.
(d) UA� −0.0472m.
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Figure 10: ,e displacement load on the concrete face. (a) ,e finite element calculation model. (b) Diagram of the model.
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structure. ,e numerical calculation models the redistri-
bution of stress in this study. Under the displacement load,
cracks continue to develop along the original direction, and
no cracks develop with a certain area surrounding the
cracks. ,e above-mentioned crack propagation is in good
agreement with the real crack propagation of reinforced
concrete. As observed, the maximum principal stresses of
the crack tip are 1.946MPa, 1.945MPa, and 1.945MPa
when one, two, and three layers of reinforcement are ap-
plied, respectively. However, the maximum principal stress
is 1.947MPa when no reinforcement is applied. ,is in-
dicates that the application of reinforcement in two ways
can improve the stress state of the crack tip, and more layers
result in more improvement. ,e distribution of rein-
forcement has a small impact on the crack stress when it is
far from the crack, and the layer of distribution rein-
forcement only needs to satisfy the overall structural stress
requirement, given the cost of steel.

Figure 18 shows the relationship between concrete
cover thickness and the maximum principal stress for
both the crack tip and distribution reinforcement. ,e
two-way distribution reinforcement bears most of the
stress in the concrete face. When the reinforcement is
close to the crack tip (with a small concrete cover
thickness), for an equivalent displacement, the rein-
forcement deforms due to large tensile stresses, thereby
controlling the crack propagation in the concrete to a
certain extent. When the reinforcement is far away from
the crack tip, the stress caused by the deformation in the
reinforcement gradually reduces and the stress field in-
duced by concrete cracking recovers at the crack tip. ,e
cohesion effect of reinforcement on cracks alleviates stress
concentrations on crack tips. In general, the cover
thickness of the concrete face has a substantial effect on
the reinforcement stress but only a small effect on the
crack tip stress intensity. When a double-layered two-way
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Figure 12: Measured crack depths and distribution patterns of the concrete face in the Gongboxia rockfill dam.
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Figure 13: Numerical calculation model for cracking of reinforced concrete face. (a) ,e finite element calculation model. (b) Schematic
diagram of reinforcement of the concrete face.
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Figure 14: Maximum principal stress distribution diagram of the concrete face without distribution reinforcement (unit: Pa).
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reinforcement is added to the concrete face, the stress
intensity of the face crack tip is reduced and the anti-
cracking capacity of the face increases when a reasonable
cover thickness is chosen. Considering the interaction

between the reinforcement and concrete, a separated
crack model treats concrete as a different element. ,e
calculation results show that the separated crack model
can simulate cracking of a reinforced concrete face with a
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Figure 15: Maximum principal stress distribution diagram of the concrete face with one layer of distribution reinforcement (unit: Pa).
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Figure 16: Maximum principal stress distribution diagram of the concrete face with a two-layer reinforcement distribution (unit: Pa).
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Figure 17: Maximum principal stress distribution diagram of the concrete face with a three-layer reinforcement distribution (unit: Pa).
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satisfactory outcome but its efficiency is low and requires
substantial computing resources, making its application
questionable.

4. Conclusions

Based on the verification of XFEM in obtaining the stress
intensity factor of crack tips being in good agreement with the
theoretical value, this study focuses on the Gongboxia concrete-
face rockfill dam project and combines XFEM andABAQUS to
investigate face cracking and crack propagation in concrete-face
rockfill dams.,e results show that, for a displacement load, the
first horizontal crack occurs on the downstream side of the face
when the tensile stress in concrete face reaches the tensile
strength; as the displacement load increases, the crack propa-
gates along the direction of the width of the face, and uniform
horizontal cracks with the same spacing emerge gradually at the
location of tensile stress concentration. ,e stresses on the
concrete face are concentrated in a two-way distribution of
reinforcement, which improves the stress state of the crack tip,
and more layers of reinforcement result in more improvement.
,e thickness of the concrete cover has a great impact on the
stress state of the reinforcement but a small impact on the crack
tip stress. Hence, a reasonable concrete cover thickness can
reduce the stress intensity of face crack tips and heighten the
anticracking capacity of the face.
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[9] M. Jirásek, “Comparative study on finite elements with em-
bedded discontinuities,” Computer Methods Applied Me-
chanics Engineering, vol. 188, pp. 307–330, 2000.

[10] M. Gajjar, H. Pathak, and S. Kumar, “Elasto-plastic fracture
modeling for crack interaction with XFEM,” Transactions of
the Indian Institute of Metals, vol. 73, 2020.

[11] J. Dolbow, N. Moës, and T. Belytschko, “Modeling fracture in
mindlin–reissner plates with the extended finite element
method,” International Journal of Solids & Structures, vol. 37,
no. 48, pp. 7161–7183, 2014.

[12] I. V. Singh and G. Bhardwaj, “Fatigue crack growth analysis of
an interfacial crack in heterogonous material using XIGA,” in
Proceedings of the International Conference Continuum Me-
chanics Focusing on Singularities, Springer, Singapore, Sin-
gapore, May 2016.

[13] X. Fang and F. Jin, “Extended finite element method based on
ABAQUS,” Engineering Mechanics, vol. 24, no. 7, pp. 6–10,
2007.

[14] S. Osher and J. A. Sethian, “Fronts propagating with curva-
ture-dependent speed: algorithms based on hamilton-jacobi
formulations,” Journal of Computational Physics, vol. 79,
no. 1, pp. 12–49, 1988.

[15] T. Belytschko and T. Black, “Elastic crack growth in finite
elements with minimal remeshing,” International Journal for

1.976
1.958

1.943 1.946 1.945 1.944 1.945 1.946

5.836
5.264

4.409

3.184
2.754

1.726
1.349

0.795

0

1

2

3

4

5

6

0.1 0.125 0.15 0.175 0.2 0.225 0.25

M
ax

im
um

 p
rin

ci
pa

l s
tr

es
s (

M
Pa

)

Thickness of concrete cover (m)

Crack tip
Distributed reinforcement

Figure 18: Trends of maximum principal stress of crack tips and
distribution steel bars as a function of protective layer thickness.

Mathematical Problems in Engineering 11



Numerical Methods in Engineering, vol. 45, no. 5, pp. 601–620,
2015.

[16] Z. Chao, C. Wang, T. Lahmer, P. He, and T. Rabczuk, “A
dynamic XFEM formulation for crack identification,” Inter-
national Journal of Mechanics &Materials in Design, pp. 1–22,
2015.

[17] D. J. Zheng, Z. Y. Huo, and L. I. Bo, “Arch-dam crack de-
formationmonitoring hybrid model based on XFEM,” Science
China Technological Sciences, vol. 54, no. 10, p. 2611, 2011.

[18] M. Alalade, L. Nguyen-Tuan, F. Wuttke, and T. Lahmer,
“Damage identification in gravity dams using dynamic cou-
pled hydro-mechanical XFEM,” International Journal of
Mechanics and Materials in Design, vol. 14, no. 1, pp. 157–175,
2017.

[19] L. Nguyen-Tuan, S. S. Nanthakumar, and T. Lahmer,
“Identification of multiple flaws in dams using inverse analysis
based on hydro-mechanical XFEM and level sets,” Computers
and Geotechnics, vol. 110, pp. 211–221, 2019.

[20] Y. Dong, T. Yu, and Q. Ren, “Extended finite element method
for direct evaluation of strength intensity factors,” Chinese
Journal of Computational Mechanics, vol. 25, no. 1, pp. 72–77,
2008, in Chinese.

[21] R. Bashir, H. Xue, J. Zhang et al., “Effect of XFEM mesh
density (mesh size) on stress intensity factors (K), strain
gradient (d epsilon/dr) and stress corrosion cracking (SCC)
growth rate,” Structures, vol. 99, 2020.

[22] Z. Zhuang, Z. Liu, B. Cheng, and J. Liao, Extended Finite
Element Method, Tsinghua University Press, Beijing, China,
2012, in Chinese.

[23] Chinese Aeronautical Establishment, Handbook of Stress
Intensity Factor, Science Press, Beijing, China, 1981, in
Chinese.

[24] Nanjing Hydraulic Research Institute, Experimental Study of
the Static and Dynamic Properties of Materials in Gongboxia
Concrete Face Rockfill Dam, Nanjing Hydraulic Research
Institute, Nanjing, China, 2001, in Chinese.

[25] W. Dong and W. Feng, “Study on characteristics of stress and
deformation of separated face slabs in CFRD,” Water Re-
sources and Power, vol. 33, no. 10, pp. 62–65, 2015.

[26] GB50010-2010, Concrete Code for Design of Concrete Struc-
tures, Building Industry Press of China, Beijing, China, 2011,
in Chinese.

12 Mathematical Problems in Engineering


